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Abstract

Physics-based modeling and simulation of planetary rovers is an integral part
of planning, testing and design of robotic planetary missions such as the up-
coming Mars Science Laboratory (MSL) and the extremely successful Mars
Exploration Rovers (MER) Spirit and Opportunity. As planetary rover mis-
sions grow more challenging with heavier rovers moving at higher speeds over
rougher terrain than in the past, modeling the vehicle terrain interactions has
become a critical part of the success of model-based testing and operations
within the NASA / JPL physics-based ROAMS rover simulator. This paper
focusses on the wheel-terrain contact model used in the ROAMS simulator
and its validation for the FIDO class rovers. It also presents a brief overview
of modeling planetary rovers and terrains within the ROAMS simulator.

Since the ROAMS simulator is used in various modes such as stand-alone
simulation, closed-loop simulation with on-board software simulation, or for
operator-in-the-loop simulations, faster than real time computational perfor-
mance is an essential requirement. Consequently, the vehicle terrain interac-
tion model is based on a physics approach designed to retain adequate fidelity
without compromising performance while providing the ability to vary param-
eters to model different soil and rover properties.

∗Copyright 2009 California Institute of Technology. Government sponsorship acknowledged.



1 Introduction

The exploration of Mars by the twin Mars Exploration Rovers (MER) Spirit and Opportunity
has led to exciting discoveries and has been an inspiration to many. The MER rover Spirit
has traversed over 7.7 kilometers and Opportunity has traversed more than 17 kilometers
since landing on Mars in early 2004, far exceeding the mission requirements. Some of those
traverses were conducted in regions such as hillsides or crater walls where the rover wheels
experienced significant slipping on the terrain. The safety and success of such challenging
driving has been largely because of empirical methods and operational rules specific to the
MER rover that are used to minimize and control slip. The methods and rules have been
learned mostly from experimental vehicle tests here on the Earth.

Figure 1: Endurance Crater on Mars. The MER rover Opportunity drove through many
challenging areas in Endurance Crater. The safety of the rovers and the success of the MER
mission depends largely on good vehicle modeling and operational rules based on models
and experimental results.

Testing driving sequences as well as creating and validating conservative operational rules
based on experimental vehicle tests is expensive and very limited in the range of scenarios that
can be analyzed. In the next mission to Mars, the Mars Science Laboratory (MSL) rover, will
driver much further over rougher terrain. As mission requirements grow for driving longer
traverses, traversing rougher terrain, and requiring more autonomy, there is a significant
need to expand the scope of the vehicle drive planning design, test, and verification process.
A tool for examining slip behavior of a general class of rovers over more widely variable
terrain is needed for upcoming missions.

Currently there is a lack of an integrated capability that can fill the need for an integrated
model that can truly serve as a surrogate model. NASA and JPL set out to develop the
Rover Analysis, Modeling and Simulation (ROAMS) planetary rover modeling ca-
pability to fill this gap. The key requirement driving the ROAMS simulator development
are:

• sufficient fidelity in the model physics so that its behvior matches the real system,

• adequate speed so it can be used with flight software,

• detailed low-level interfaces and models so it can close the loop with flight software,

• full model suite so all loops with the onboard software can be closed,

• validation experiments to verify the simulation physics,
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• realistic planetary environment models (geometry, soil mechanics) so it can expand
scenarios to study, and

• multi-mission capability so it can be extended to different configurations.

The development, design and validation of ROAMS is driven by the unique challenges of
semi-autonomous design and operation of planetary rovers in remote environments. Unlike
commercial/military terrestrial vehicles, the amount of data available about the terrain en-
vironment is mostly unknown and meagre when available. At best, the information about
the terrain and rover interaction properties are refined and improved from the downlink
telemetry acquired from the traverse history. Indeed, the current state of practice in MER
operations is limited to using augmented kinematic models to predict rover slippage over
terrains during rover operations (Yen, 2008). This is in contrast with the the large number
of well instrumented, controlled experiments that can be done in terrestrial applications to
improve the fidelity of simulation models. Flight rovers have to be designed, tested and
validated to operate in areas that have never been visited before.

These circumstances pose different priorities and different requirements on the vehicle mod-
eling strategy for space robotics than for typical terrestial applications. The new dynamics
models represent a significant advancement over the prior kinematic approaches. The goal is
not to build a single high fidelity model of the rover since there is not enough data to validate
such a model. Further, the large tuning effort put into developing a single high-fidelity model
is unlikely to remain usable across the range of environments that are typically encountered
during traverses. Instead, the expectation on ROAMS is to provide a parametrized model
whose parameters can be tuned based on available data, so that it can be used as a pre-
dictive model during operations. In an operational context, the simulator parameters are
constantly tuned and updated to match the current environmental context for the rover.
The validation requirement on ROAMS is to show that the model generalizes to handle the
full range of motions (cross-slope, up-hill, down-hill, turns, etc.) typical in traverses in a
natural environment. This is a strategy adopted in the ROAMS validation approach used in
this paper, where we have observed that a small subset of experimental data can be used to
tune the model to predict performance over a wide range of different motions across different
terrain geometries. This approach is used in both terrestrial ground tests of the rover as well
as during rover operations.

In addition model fidelity, equally challenging requirements on ROAMS arise from its use
in hardware-in-the-loop, closed-loop testing of the flight software. Thus ROAMS is used in
ground rover testbeds to provide a high-fidelity model that closes all loops (motors, IMUs,
cameras) with the flight software in real-time environments. These same testbeds support
rover operations once the rovers are deployed. The fidelity requirements on ROAMS are
driven by the need to provide realistic behaviour that can be used to develop and test flight
algorithms under a variety of environments and conditions that would be otherwise difficult
through physical tests. Indeed, the ROAMS-based tests complement “hardware” simulation
tests done in the field with engineering prototypes of the flight rovers. The faster than
real-time performance requirements on ROAMS have led to the use of high performance
algorithms and modeling techniques, as well as engineering judgements to judiciously design
models that provided adequate fidelity without compromising performance speed. To get a
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sense of the model complexity, the model for just the MSL 5 degrees of freedom arm alone
has over 17 degrees of freedom to adequately model the motors, backlash and joint flexibility
effects essential to adequately testing the flight algorithms and software. Thus ROAMS
represents a comprehensive, end-to-end simulator where the sinkage/slippage models play a
critical role among a larger class of requirements.

This paper provides an overview of the ROAMS design and architecture in Section 2, followed
by a brief description of the vehicle and terrain modeling approaches. Section 3 describes
the vehicle/terrain interaction models in detail largely based on (Sohl and Jain, 2005). Sec-
tion 4 details the model validation against MER data, and Section 5 describes validation
experiments and analysis by the Mars Technology Program based on (Huntsberger et al.,
2008).

2 Overview of the ROAMS planetary rover simulator

In the following sections we give some background on the design and goals of the ROAMS
infrastructure.

A primary requirement on ROAMS is that it serve as a high-fidelity surrogate rover to sup-
port closed-loop testing beyond what is possible with just hardware rover testbeds. These
high fidelity needs require ROAMS to implement (a) detailed physics-based models of the
rover mechanical platform including its kinematics and dynamics, (b) its suite of actuators
and sensors such as wheel and steering motors and encoders, inertial measurement units
(IMUs), sun sensors, cameras, and (c) models of the environment and the rover’s inter-
actions with the environment. Hand in hand with the model development process is an
ongoing ROAMS simulator validation effort consisting of a series of experiments involving
deterministic as well as statistical comparisons with physical rover data.

Development of the rover flight system typically involves test platforms ranging from experi-
mental technology development rovers all the way to flight breadboards and spares. The con-
figuration of these platforms typically evolves over time with updates to the sensor/actuator
suite, avionics and other hardware components. ROAMS is designed to provide models
that shadow these multiple rover platform configurations at any given time and track their
evolution over time. This required that ROAMS avoid monolithic, rover platform specific
simulation implementations. Instead a conscious design strategy has been to allow users to
configure ROAMS for different rover models easily at run-time via model data files. While
allowing users to easily tailor simulations to the specific platforms, this configurability has
been useful during the simulation validation effort to match ROAMS to rover model config-
urations used in the experiments.

As a test platform, ROAMS is used in closed-loop with the on-board rover software and
hardware. This requires ROAMS to be embeddable within closed-loop testbed environments
containing a mix of on-board software, real hardware and simulated hardware. ROAMS
provides hardware-like command and sensing interfaces similar to actual hardware to allow
such loop closure. Particular attention has been paid to simulation algorithm performance
in order to meet the closed-loop timing requirements. Also, ROAMS is portable across Unix
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and real-time VxWorks platforms.

While simulations are expected to do the “right” thing, i.e. provide good fidelity, they also
need to provide a significant level of instrumentation and other features for them to be us-
able. Since the inclusion of these features adds to code size and the number of external
dependencies, ROAMS has adopted a layered design, where many of the features are imple-
mented as optional plug-in extensions so they can be included as needed at run-time. This
approach has also helped increase the amount of reusable modules within ROAMS.

ROAMS is built upon the existing DARTS and Dshell simulation framework (Biesiadecki
et al., 1999) developed for spacecraft simulations. The ROAMS development has focused
primarily on model development needed for the surface rover domain. While the ROAMS
core is implemented in C/C++. It includes a Python scripting interface (auto-generated
by the SWIG wrapper generation tool) to the core C/C++ classes to facilitate simulation
configuration and regression testing. This scripting capability is also used to develop graph-
ical user interfaces for users to change simulation modes, set rover goals, change simulation
speed, take time steps, exercise rover degrees of freedom, select terrain models, etc. The
Dspace 3D visualization tool (Jain et al., 2003) provides run-time visualization of the rover
simulation state.

More details on ROAMS are available in (Jain and Yen, 1999) (Jain et al., 2003) (Jain et al.,
2004).

2.1 Vehicle models

The mechanical aspects of the vehicle are modeled using O(n) highly efficient recursive
multi-body dynamics algorithms framework, called the Spatial Operator Algebra, developed
over the last two decades at JPL (Rodriguez et al., 1992). The underlying efficiency in
the algorithms design enables high computational efficiency in modeling the kinematics and
dynamics of the vehicles. The kinematics and dynamics of various components such as
steered wheels, suspensions of various kinds, chassis dynamics, mast or arm motion, are
accurately and efficiently modeled with faster than real time performance. The kinematics
and dynamics of prescribed (controlled) and free (uncontrolled) joint motions are seamlessly
captured in a unifying mathematical framework. Both joint accelerations and joint constraint
forces can be calculated using these algorithms. The external or active forces and torques
acting on the vehicles include gravity, terrain interaction loads, and motor torques.

The vehicles feature physics-based actuator and sensor models. The wheel and steer motors
are modeled as DC motors with damping and back EMF. The models are parametric in
nature and different motors can be modeled by varying the motor characteristics such as
armature resistance, current and torque constants. The sensor models are typically used
to log the states of the system through IMUs and encoders. Full 3D visualization of the
vehicles is enabled through VRML-based part graphics of various bodies in the system. The
part graphics are articulated based on the kinematic model of the system, enabling realistic
representation of the vehicle motion. Enhancements on the vehicle models also include
various additional physics-based models such as thermal models, power and battery models,
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models for charging from solar panels, and life support systems models.

Figure 2 illustrates a block diagram of the parametric vehicle model scheme. The core of the
vehicle is based on the dynamics methods, sensor and actuator models. ROAMS contains
implementations of controller models for individual motor control. There are also hooks in
place to enable integration with an external motor controller or hardware. Similarly ROAMS
contains navigation and collision detection algorithms for autonomous vehicle mobility and
manipulation. There are nonlinear camera models that enable visual odometry and range
mapping. ROAMS contains models of various artificial and natural terrain as well as algo-
rithms for modeling the interaction of the vehicle with the terrain. This is discussed in detail
in the following sections.

Figure 2: Overview of ROAMS software. The mobility includes vehicle dynamics, sensor,
actuator, and environmental models.
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2.2 Environmental and terrain models

As a surface vehicle, the wheels of the rover interact with the terrain environment. ROAMS
uses the SimScape terrain modeling toolkit (Jain et al., 2006) for its terrain models. A
Digital Elevation Map (DEM) represents the terrain (including rocks) in ROAMS . ROAMS
parameterizes soil mechanics properties using density, internal friction angle and soil co-
hesion. The user may explicitly set these parameters or select parameter sets that match
certain soil types (clay, loose sand, mixed, etc.). ROAMS needs to incorporate raw terrain
data from a variety of sources including planetary data archives, field tests, synthetic models
(derived from existing terrain models) as well as algorithmically generated ones. Such pri-
mary terrain data needs to be processed and assembled into a terrain model prior to use by
applications. This often requires piecing together data from different sources, processing rel-
ative spatial transforms among them, assigning attributes to the geometry, handling different
data formats and representations and using height field and/or 3D models as appropriate

SimScape supports multiple representations of the terrain geometry. These include 2.5D
digital elevation map grid representations, point cloud representations, 3D mesh representa-
tions, and 2.5D triangulated irregular network (TIN) mesh representations and support for
geo-referenced planetary data models. It also includes algorithms and methods for trans-
formations between different terrain model representations. SimScape can be used as an
embedded library with efficient algorithms and methods for interacting with terrain models.
Terrain model data from sources such as planetary archives, field test sites, and synthetic
and analytic terrain models can be used within ROAMS . There is support for exporting
and importing terrain models to and from a variety of standard terrain data formats includ-
ing PDS, GeoTiff, USGS ISIS, etc. Furthermore, there is support for overlaying of surface
properties such as material composition, texture, albedo, terra-mechanics parameters, reflec-
tivity, and user defined properties onto the underlying terrain geometry for run-time use by
simulation models. Terrain models can be assembled and stored for later retrieval and use
by the ROAMS simulations.

3 ROAMS wheel-terrain contact model

The goal of the wheel-terrain contact model is the determination of the contact forces and
torques exerted by the terrain on the rover wheels. These contact forces, along with wheel
motor torques, provide the motive force for the rover and allow it to traverse over the
terrain. The forces and torques must also excite on-board sensor models, such as gyros and
accelerometers in a realistic fashion.

Before considering the details of the model in ROAMS, a brief overview of the prevalent
modeling techniques is presented.

3.1 Current approaches to vehicle-terrain interaction modeling

The most widely known methods for vehicle terrain interactions modeling are the Bekkers
Derived Terramechanics Model (BDTM) (Bekker, 1956)-(Bekker, 1960)-(Bekker, 1969) and
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the Cone Penetrometer Technique (Wong, 2001). In the 1960’s Bekker developed the Bekkers
Derived Terramechanics Model (BDTM) based on a combination of scientific laws and empir-
ical data. This model captures pressure-sinkage relationships as well as slip-shear phenomena
through the use of various model parameters. On the other hand, the Cone Penetrometer
Technique uses a single parameter called Cone Index to characterize the soil strength based
on experimental measurements of penetration and normal force in cone penetrometer tests.
Based on either of these methods, references have been developed for measuring vehicle mo-
bility through vehicle terrain interactions, for example (Haley et al., 1979a)-(Haley et al.,
1979b)-(Ahlvin and Haley, 1992). There is an exhaustive volume of work related to this
topic and representative methods are discussed below.

Broadly classified, there are three main methods that have traditionally been used to model
interactions between vehicles with terrains. These interactions are not just limited to wheel
soil interactions, but include terrain modifications such as excavation. The first of these
methods is based on continuum mechanics based approaches that use finite element methods
or discreet element methods to model the interactions, examples of which are (Singh, 1997)-
(Solisa and Longoria, 2008). These methods model the deformation of the terrain in detail
and can be used to develop high fidelity models. However, these methods are relatively slow
and cannot be used in real-time simulations or closed-loop validation.

The second set of methods based on the first principles approach motivated by the seminal
work of Terzaghi(Terzaghi, 1943) and others. These methods (D. J. van Wyk, 1996)-(Q. Li,
2007)-(Ellery, 2005)-(Andrade et al., 1998)-(Hutangkabodee et al., 2008) use friction, part
geometry and other physical properties to predict approximate interaction forces.

The third approach is based on engineering mechanics approaches where simplified models are
used to approximate the interaction forces between the terrain and mechanical parts without
developing high fidelity soil models (Wong, 2001)-(Iagnemma et al., 1999)-(Wong and Huang,
2006)-(Ward and Iagnemma, 2007)-(Shibly et al., 2005). These methods typically employ an
analytical deformation model similar to a spring damper excitation to model the interactions
and forces.

A new trend in modeling terrain vehicle interaction is through the use of stochastic methods
and approximation of uncertainties using polynomial chaos (Sandu et al., 2006)- (Kewlani
and Iagnemma, 2008). Depending on the research, the methods usually apply uncertainty in
the terrain heights, introduce uncertainty in terrain properties such as friction and cohesion or
introduce uncertainty directly in experimentally generated parameters for analytical models.

The automotive industry uses different tire models to model the interactions between the
road and the vehicle. Most notable among them are the Pacejka (Pacejka and Bakker, 1992)
formulae. Custom tire models have also been proposed by research (Chan et al., 2005) or
commercial proprietary simulation packages such as ADAMS (ADAMS, 2000) in the realm of
vehicle dynamics both for on and off-road performance. These models are most suitable for
vehicles with rubber or deformable tires. and are significantly different from rover dynamics
where the wheels are modeled as rigid and speeds are significantly slower.

Several software packages are also available for planetary rover simulation and analysis.
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Notable among the commercially available packages is ADAMS (ADAMS, 2000) while ex-
amples of research codes include (Bauer et al., 2005)-(Thueer et al., 2007)-(Poulakis et al.,
2008)-(Jain et al., 2003).

3.2 Statically indeterminate techniques

In a general formulation, there are three unknown force and three unknown torque compo-
nents that define the net effect of each contact on the rover wheel. For a six wheeled rover,
there are a total of 36 unknowns. However, a static force analysis of the rover provides only
6 equations (three linear and three angular) in these 36 unknowns. For the specific case
of a rocker-bogey mechanism, three additional constraint equations can be generated (one
rocker differential and two bogey constraints). However, even with those added moment
constraints, the problem is still statically indeterminate: 9 equations in 36 unknowns.

Figure 3: Rover contact forces and torques

The contact forces and torques on the six wheels of a rover in contact with the terrain are
statically indeterminate. Sometimes it is possible to simplify the problem by eliminating
unknowns until the problem can be solved. Many contact model formulations assume that
the soil can only exert moments on the wheel about the terrain normal direction. This
eliminates two unknowns for each wheel (reducing the total number of unknowns to 24). It
is also possible to assume an effective point-plane contact between a point on the wheel and
the “plane” of the soil. In this case, all the moments are zero (reducing the total number
of unknowns to 18) (Hacot et al., 1998). ROAMS uses the point-plane contact assumption
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in determining the contact forces. ROAMS also estimates a surface contact area on each
wheel based on wheel sinkage. This contact area is used in determining maximum allowable
traction 2.

Another common assumption used to reduce the complexity of the problem is to assume
that the vehicle roll angle is small (Iagnemma et al., 1999). Under this assumption, the
transverse force component is zero for each wheel contact. This assumption is often used to
decompose the six wheel rover into two planar problems (Farritor et al., 1998). Each planar
problem contains three wheels on the left or right side of the rover. The planar problem is
then analyzed in detail. This assumption, however, is not suitable to a general dynamics
simulation since transverse forces can not be assumed to be zero for motions over undulating
terrain.

Some approaches attempt to compute contact forces satisfying a set of validity constraints
(Hait and Siméon, 1996). For example, contact forces that fall within the friction cones
at each contact point and satisfy the static force/moment equations can be found. While
these techniques can determine if a suitable set of contact forces exist, they do not guarantee
uniqueness or continuity of the solution. In addition, they may fail to find solutions in cases
that are outside the assumed solution space. This makes them very unsuitable for a general
dynamics simulation where high, or even total, slippage conditions will be encountered.

Another approach is to solve for contact forces that optimize a given criteria (instead of
merely satisfying a given criteria) (Hacot, 1998). Assuming a well posed problem and good
optimization routines, a unique solution can be found. Continuity of solution as the rover
moves over the terrain is not guaranteed, but can reasonably be expected in many cases.
Criteria such as minimum energy are often used. This procedure is generally very time
consuming and while the minimization of a single criteria produces a unique answer, there
is no guarantee that answer is a correct solution for the contact forces. The time consuming
nature of optimization techniques makes this method unsuitable for a real-time dynamics
simulation where rapidly changing contact forces for each wheel must be computed hundreds
of times per second.

3.3 Compliance-based techniques

Adding compliance to a statically indeterminate system can allow a solution to be found
(Kraus et al., 1997) at the cost of adding system states and increasing numerical stiffness of
the problem. The forces on an object as simple as a four legged table on a flat surface are
statically indeterminate. However, the introduction of compliance in the four legs allows the
contact forces to be directly computed. Adding compliance provides a unique solution that is
generally correct under the limitations of the compliance model. However, allowable stiffness
is often restricted by the choice of numerical integration algorithm (Alexander, 1994). If the
actual stiffness can not be used (due to numerical stability problems) compliance techniques
may only approximate the correct answer. However, it is observed that compliance techniques
will degrade gracefully and still provide good approximations with less than ideal stiffness
parameters.
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Compliance techniques provide a solution for contact forces based on the deflection of a
spring-damper system. This deflection is directly related to the state of the system. Since
the system state is always available to a dynamics simulation, these computations can be
done very quickly. This is highly desirable in a real-time simulation environment, where
optimization or other search techniques are too slow.

The contact model in ROAMS assumes point-plane contact. The terrain under the wheel is
assumed to be locally planar and the contact forces are applied to a single point on the wheel.
Under this assumption, there are three unknown force components for each wheel contact.
Two separate and independent compliance systems are used to compute the three force
components. One compliance system is used to compute the force component in the normal
direction. The normal direction is defined as perpendicular to the “plane” of the terrain.
Once the normal force is computed, it can be used to estimate wheel sinkage (Bekker, 1969)
and resulting contact area. Even though the force is applied at a single point on the wheel,
the sinkage and resulting contact area is important in estimating maximum traction. The
second compliance system is a two degree of freedom system. It is used to compute the two
components of the force in the plane of the terrain. The next two sections will describe how
the normal and tangent plane systems are implemented in ROAMS .

3.4 Normal force

The magnitude of the normal force is the foundation of almost every contact mechanics
formulation. From a simple Coulomb friction model to a complex terra-mechanics model
(Bekker, 1969), they all use the magnitude of the normal force to determine the available
traction force in tangent directions. However, these formulations do not describe how to
compute the normal force. It is assumed to be a given for the problem. In the case of a six
wheeled rover in contact with undulating terrain (where the terrain normal at each contact
point is different), these forces are statically indeterminate.

In order to compute the force in the normal direction, ROAMS uses a single degree of
freedom, Hunt-Crossley (Hunt and Crossley, 1975) compliance system at each wheel:

FN = kNδn
N +

3

2
αN δ̇Nδn

N (1)

where FN is the force in the normal direction, kN is a spring constant, αN is a damping
constant, n is the non-linear deflection exponent, and δN is the deflection. Figure 4 shows a
side view of the normal direction compliance system.

The normal direction is determined by an examination of the terrain DEM for a small area
under the wheel. There is an assumption that the terrain normal is relatively smooth and
that the sinkage of the wheel into the terrain does not significantly effect the terrain normal
at the contact point. The deflection of the compliance system is based on the penetration
of the wheel into the terrain in the terrain normal direction. The location of the contact
point on the wheel is defined as the point on the wheel that penetrates the farthest into
the terrain. As the wheel penetrates the terrain, the compliance system applies an opposing
force at the contact point. The opposing force will rapidly reach equilibrium with the weight
of the rover supported by that wheel.
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Figure 4: Normal direction compliance system

Equation 1 requires an estimate of the penetration of the wheel into the terrain. To simplify
this computation, wheels are assumed to be cylindrical and the terrain under each wheel is
assumed to be locally planar. These assumptions allow rapid computation of the penetration
distance and contact point on the wheel based on the local terrain height field, wheel position
and wheel attitude. Since the penetration of the wheel into the terrain is generally small
and the weight supported by a given wheel may be substantial, ROAMS uses a very stiff
spring in the normal direction (kN is large) to prevent excessive penetration. This can lead
to stability problems during numerical integration and often requires tuning the normal
direction spring and damping constants based on the total rover mass. It is also important
to note that the Hunt-Crossley compliance model in Equation 1 does not attempt to model
the sinkage of a wheel into soil, but is rather an algorithmic convenience used to compute
the statically indeterminate normal force. After a normal force has been found, it can be
used to estimate the actual sinkage of a wheel into the soil based on soil properties such as
density and cohesion. This results in two separate concepts of wheel-soil penetration: one
from the compliance model and one from terra-mechanics.

3.5 Tangent plane forces

While the force in the normal direction provides “support” for the vehicle, it is the tangent
plane forces that allow a wheeled vehicle to move. The tangent plane is defined as the plane
perpendicular to the normal vector direction. Most contact models follow the basic premise
that there is a limit to the magnitude of the tangent forces. Once that limit is reached, the
tangent force can no longer prevent relative motion between the contact point and the terrain
and the wheel starts to slip. The transition between rolling contact (where the contact point
has zero velocity relative to the terrain) and slipping is a crucial concept. Allowable traction
force for soil is given as (Terzaghi, 1943):

||FTmax|| = cA + ||FN || tan φ (2)

where FTmax is the maximum force in the tangent direction, c is the soil cohesion, A is
the contact area, FN is the normal force and φ is the soil friction angle. The contact area
A is estimated based on the sinkage due to normal force and the geometry of the wheel.
Equation 2 shows that the normal force should be computed first since its magnitude limits
the maximum traction at the contact. Figure 5 shows an overhead view of the tangent plane
compliance system.
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Figure 5: Tangent plane compliance system

In the slipping regime, the tangent plane force has reached its maximum allowable value
(corresponding to the red, FTmax circle in Figure 5). The tangent plane force opposes the
relative motion of the contact point. The tangent force is pointed in a direction opposite the
relative velocity vector of the contact point. If the velocity of the contact point is not in the
tangent plane, it will be projected into the tangent plane to determine the direction of the
tangent force vector. The magnitude of the tangent force in the slipping regime is equal to
the maximum allowable force:

�FT = ||FTmax||
−�vc

||�vc||
(3)

where �FT is the 2D tangent force and �vc is the velocity of the contact point relative to the
terrain projected onto the 2D tangent plane.

Computing the tangent plane force in the rolling regime is more problematic. In this
regime, the velocity of the contact point with respect to the terrain is ideally zero. However,
this does not mean that the tangent plane forces are zero. The only constraint is that the
tangent plane force magnitude remain less that the maximum:

||�FT || ≤ ||FTmax|| (4)

To solve the problem of computing tangent forces for the rolling regime, ROAMS uses a two
degree of freedom compliance system as outlined in (Kraus et al., 1997). A linear spring-
damper model is used:

�FT = kT
�δT + dT

�̇δT (5)
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where kT is the spring coefficient, dT is the damping coefficients and �δT is the 2D deflection in
the tangent plane. The two degrees of freedom allow the compliance system to move in any
tangent plane direction. Unlike the normal force compliant system, whose deflection is based
on the position of the wheel and the local terrain height, the 2D deflection of the tangent

plane system (�δT ) is not based on the rover state. Instead, the derivative of the deflection
is based on the system state. Specifically, the derivative of the deflection is defined as the
opposite of the velocity of the contact point relative to the surface:

�̇δT = −�vc (6)

Additional system states are added and used to track the actual deflection of the tangent
plane compliance systems.

It is important to understand why the derivative of the deflection is defined in this manner.
First, consider what it means for the velocity of the contact point relative to the surface to be
zero. This velocity is zero when the wheel is in the rolling regime. If a torque is applied to a
wheel resting on the surface, the contact point will begin to move relative to the surface in the
absence of tangent plane forces. To oppose this motion, the tangent plane compliance system
will deflect in the opposite direction - opposing the relative motion of the contact point. The
resulting tangent plane forces propel the vehicle forward. The tangent plane compliance
system acts as a controller that drives the tangent force to the correct rolling force. A small
amount of slipping is accepted as this controller converges to the correct tangent force. The
spring-damper coefficients used for the tangent plane compliance system serve as gains for
this control system. Any torque applied to the wheel will change the equilibrium point for
the control system and the tangent plane compliance system will attempt to deflect to a new
point. The maximum traction force defines a limit on the deflection of the tangent plane
compliance system. Once this deflection is reached, the wheel enters the slipping regime and
no further deflection of the tangent spring is allowed.

Since the type of contact (slipping or rolling) is not known a-priori, ROAMS uses the following
procedure to compute the tangent plane forces:

1. Assume contact is rolling and compute �FT as

�FT = kT
�δT + dT

�̇δT (7)

2. If ||�FT || > ||FTmax||, contact is sliding:

�FT = ||FTmax||
−�vc

||�vc||
(8)

The derivative of the tangent deflection, δ̇T is computed by inverting Equation 7:

�̇δT = F−1

T (�δT , kT , dT ) (9)

3. If ||�FT || ≤ ||FTmax||, contact is rolling:

�̇δT = −�vc (10)
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3.6 Soil randomness

The contact model described in 3.4 and 3.5 was originally formulated for rigid body contact.
For two rigid bodies in contact, the transition between rolling and slipping regimes is very
abrupt. Wheel-terrain contacts usually transition more gradually between regimes and can
experience rapid fluctuations between rolling and slipping. Some slippage can occur even
on perfectly flat terrain. These fluctuations are due to a wide range of effects that are
not part of a simple rigid-body contact model, including variations in local soil parameters,
soil deformation, wheel surface irregularities, vibratory effects, etc. While it is tempting
to include more and more physical properties in the contact model, such modeling efforts
are unrealistic for use in a general, real-time simulation tool as opposed to a detailed terra-
mechanics analysis tool.

Equation 2 defines the tangent force where the contact transitions between rolling and slip-
ping behavior. The contact model in ROAMS adds a Gaussian scaling factor to this equation:

||FTmax|| = s(cA + ||FN || tan φ) (11)

where s is a Gaussian curve centered about a value of 1. This scale factor serves to “soften”
the abrupt transition between rolling and sliding and more closely mimic the behavior of
wheel-terrain contact. Some slipping may occur even on flat terrain (s is very small) and some
rolling may occur on steep terrain (s is very large). The Gaussian scale factor s is defined by
two parameters in ROAMS . The first parameter defines the maximum standard deviation of
the Gaussian function and the second parameter defines how the standard deviation varies
with local terrain angle. The standard deviation (sstd) for the scale factor s is:

sstd = p1 − p2R (12)

R =

{
θ
φ

, θ ≤ φ
φ

θ
, θ > φ

(13)

where p1 and p2 are the two soil randomness parameters, φ is the soil friction angle and θ

is the angle between the terrain normal and the vertical. The first parameter (p1) defines
the maximum standard deviation for the random Gaussian function. The second parameter
(p2) defines how the standard deviation varies with soil angle. The standard deviation is
minimum when the terrain normal under a given wheel is equal to the soil friction angle
(R → 1). The standard deviation increases as the terrain normal becomes either much
smaller or much larger than the friction angle (R → 0). This increased standard deviation
gives a chance of slipping for situations where rolling is the nominal behavior and vice versa.
The choice of parameters p1 and p2 allows us to tune the behavior of the simulation and
create a gradual transition between the rolling and slipping regimes.

The two following sections describe how the vehicle-terrain interaction model in ROAMS
has been validated: (1) Validation based on Mars Exploration Rover experience (Section 4),
and Validation based on Experiments with the FIDO rover (Section 5).

4 Validation based on Mars Exploration Rover (MER) Test Data

In order for a rover simulation to be useful in developing rover navigation and control soft-
ware, its behavior must correspond well with the operation of the actual rover in a real
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environment. Hence, in parallel with the ongoing development of ROAMS, we have un-
dertaken a validation effort for ROAMS using experimental data from rover mobility runs.
Rover motion is a product of many different components and levels of the system. At the
lowest level, there are rover suspension components (rockers and bogeys), wheels and mo-
tors. While these low level rover components are usually well defined, the terrain used for
experimental data collection is not. The terrain shape (height field) and physical properties
(density, cohesion, friction angle) are important simulation parameters that are not typically
well known for natural terrain used during rover mobility tests. The experimental mobility
tests can also show wide variations between runs for the same rover over the same nominal
terrain. The non-repeatable nature of these tests requires that the simulation use statistical
techniques for comparison with empirical test data.

4.1 Parametric simulation

The wheel-soil contact model in ROAMS has a variety of parameters. While some of these
parameters are physical (soil density, cohesion, friction angle), others are heuristic (soil
randomness parameters p1 and p2). We use Monte Carlo testing to determine a set of
model parameters that most closely matches experimental data from rover mobility testing.
ROAMS has a framework to automate the collection of mobility data for a range of inde-
pendent parameter sets. This data collection can be run in parallel on several computers to
speed up the simulated data collection. A variety of motion primitives (straight, arc-turn,
turn-in-place, etc.) on a variety of terrain types (flat, fixed slope, etc.) can be tested. The
ROAMS mobility data is then compared to empirical data and the set of parameters that
best matches the experimental data can be determined.

One example of tuning ROAMS parameters was the comparison of ROAMS against mobility
testing on the Dynamic Test Model (DTM) of the Mars Exploration Rover (MER) rover.
The DTM was designed to mimic the loads experienced by the MER rovers on the surface of
Mars. The DTM rover is an earth-based testbed configured to have the same center of mass
as the MER rover and approximately 120% of the MER rover’s Mars weight. Several mobility
tests were conducted on Earth using the DTM rover to determine slippage when driving on
slopes of up to 20 degrees. Figure 6 shows slip data collected during uphill, downhill and
cross-hill mobility testing of the MER DTM rover on flat terrain at slope angles of 0, 2.5,
5, 10, 15 and 20 degrees (Lindemann, 2005). Figure 7 shows simulated results for straight
uphill, straight downhill and straight cross-hill testing in ROAMS at 0, 5, 10, 15 and 20
degree slope angles. The ROAMS parameters were determined using Monte Carlo testing
to find a parameter set that best matched the empirical data in Figure 6. The data used for
comparison are shown as red circles in Figure 7. Since the empirical data does not have any
statistical variance information, each data point was given equal weighting in determining the
best set of ROAMS parameters. The resulting simulation shows a good match for cross-hill
traversals, but the same parameter set did not provide as good a match for downhill motion
(Figure 7). A technique for switching between parameters that best match empirical data in
a given regime is being examined for use in ROAMS. This technique would allow ROAMS
to modify parameters on-the-fly as the rover encounters different driving conditions.
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Figure 6: MER DTM rover test slip data

Figure 7: ROAMS straight uphill (with variance). Red circles are empirical data
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5 Validation experiments with the FIDO rover

In order to tune and improve the behavior of ROAMS , a series of experimental tests was
performed at JPL with the FIDO rover. The goals were to tune the vehicle-terrain interaction
models to closely match those of the FIDO experimental rover. Some of the experimental
tests were used to tune the ROAMS models and were then applied to the balance of the
tests to analyze the performance of the ROAMS model compared to an experimental vehicle.
This will be describe more detail now.

One of the key questions that must be addressed for acceptance of ROAMS for mission
development and operational testing is how well does it represent reality. There are several
aspects to this question. The first is whether the simulation captures the basic physics
involved adequately. Assuming the first question is satisfied, the next question is whether
the parameters involved in the simulation are tuned in such a way that the behavior of the
simulation matches that of a specific real vehicle. Failure in the tuning is a clear indication
that the basic models are inadequate. The goal in this activity was to tune the ROAMS
simulation to the FIDO (Field Integrated Design and Operations) rover and show that both
of these issues had been addressed. The FIDO rover is a six wheeled technology prototype
with a rocker-bogie suspension system at JPL that was used for MER field trials throughout
the period from 1999 to 2002 to develop operational strategies for mobility and science
operations [4].

5.0.1 Identifying key ROAMS parameters

During development of the ROAMS simulation, significant work has gone into developing
quality models of all aspects of rover kinematics and dynamics. In particular, special atten-
tion has been paid to modeling the interaction of the rover wheels with the terrain. Based
on the resulting models and other consideration, there is a set of parameters that most
significantly affect the ability of ROAMS simulation to match the behavior of the FIDO
experimental runs. These parameters are:

• friction angle (radians),

• soil cohesion (kPa),

• rolling resistance (unitless),

• maximum standard deviation of slip transition parameter (for tire-soil slip model),

• slope standard deviation of slip transition parameter (for tire-soil slip model).

The first three parameters are typical ground trafficability parameters. The last two param-
eters are internal parameters in the wheel-soil interaction model relating to the stochastic
nature of slip. Based on previous experience, nominal values of these parameters that worked
well in simulations were known. One of the goals of this experiment was to also to identify
the range of slopes that a single set of interaction parameters would be valid for. The results
described here hence reflect the accuracy in matching experimental data with a single such
parameter set.
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5.0.2 Tuning to a subset of experimental runs

In order to tune these parameters, a simulation of the FIDO rover was developed with the
ability to execute multiple simulation runs that sweep the set of parameters. These runs are
referred to as “Monte-Carlo” runs, even though the selection of which parameters to use in
each case was selected from a list of parameters instead of being chosen randomly, as in a true
Monte-Carlo simulation. The fidelity of each simulation run was evaluated by constructing
a score based on differences from the final position and heading in the simulation versus the
experimental runs. A subset of the FIDO experimental runs was used and parametric sweeps
runs for each test case were set up. Based on which simulations runs best matched the data
from the actual runs, the simulation parameters were tuned to give the best overall match.
The tuning was performed in two phases: a coarse phase and a refinement phase. In the first
phase, a wider selection of values was used for each parameter about a nominal value guess.
Based on comparing the parametric sweeps with the test cases, a new nominal value was
selected that was approximately tuned to the FIDO performance. A second phase of tuning
was then performed where a smaller range of variation of each parameter with respect to
the new nominal values selected in the coarse tuning phase was considered. A wide range of
parameters worked on runs for flat terrain, but a much smaller set produced good results on
slopes. Fortunately, tuning for slopes produced good results on the flat. In general, it was
more difficult to match the behavior of the real FIDO rover on steeper slopes (greater that
approximately 15 degrees).

5.1 Experimental studies

The characterization of the ROAMS simulation technology with the FIDO rover was con-
ducted from August 31, 2004 to September 23, 2004 using the MER tilt table adjacent to
the JPL MarsYard. The tilt table has a mosaic of paving stones glued to a plywood surface
and covered with a layer of fine sand (shown in Figures 8 and 9). The surface setup of the
tilt table was used by the MER engineering flight team to determine the operating char-
acteristics of the Opportunity rover as it descended towards the crater floor in Endurance
Crater at Meridiani Planum. Driving strategies were derived from those engineering tests
and then used on Mars.

The ROAMS parameter settings were obtained by using a subset of the test data to tune
the ROAMS model for FIDO that then served as the baseline for simulation performance
evaluation. Tests were run on the tilt table set at 0, 5, 10, and 20 degrees. The actual tilt
table angles used for the tests measured with a Leica TotalStation were 0.085, 5.743, 10.758,
and 20.764 degrees, but these will be referred to as 0, 5, 10, and 20 degrees throughout
this section. A total of 400 tests were run to determine ROAMS simulation performance for
accuracy during straight-line and arc drives, and turns-in-place at the 4 tilt table angles.

All results were compared to ground truth data that was collected by a Leica TCRA1103+
TotalStation (rated accuracy of 2mm at 10m range). All of the test runs were also taped
on Mini-DV video for possible future analysis of the full behavior of the rover. The test
setup is shown in Figures 10 and 11, where the FIDO rover has four prism reflectors (one on
each corner of the rover) that are used for range and rover attitude determination each time
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Figure 8: Underlying surface of the MER tilt table covered with concrete paving stones glued
to a plywood surface.

Figure 9: The MER tilt table covered with sand for experiments.
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Figure 10: Leica TotalStation used in the FIDO experimental setup

Figure 11: FIDO Rover on experimental slope table
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before and after the tests. This setup gives both position and heading information. All tests
were run using the current version of the FIDO control code. Logfiles were produced by the
FIDO control software at a rate of 50Hz and were used for ROAMS parameter setting and
characterization runs.

5.1.1 Drive runs

There were a total of 88 different types of drive tests run with the tilt table set at 0, 5,
10, and 20 degrees. Each one of the tests was run five times for the level table and three
times for the tilted table settings (5, 10, and 20 degrees). The drive tests included straight
line, shallow arcs, and tight arcs of length 2 meters. These drives were done with up-slope,
down-slope, and cross-slope directions and the rover traveling forward and backward. The
combination of rover driving direction , slope direction, and type of drive (straight vs arc)
fully covers the types of drives and environmental conditions experienced by planetary rovers
such as MER.

The average heading error (in degrees) defined as the difference between the ground truth and
the ROAMS outputs for each tilt table setting (0, 5, 10, and 20 degrees) for all of the drive
runs is shown in Figure 15. The largest errors are seen in the tight arcs due to interaction
of the wheels with the underlying mixed sand and concrete paving stones (see Figure 8 and
9). This behavior also leads to the larger standard deviations for these runs (see Tests 19
and 20 in Figure 15) due to the extreme sensitivity of small variations in heading during a
tight arc. Also of particular importance for evaluation of the fidelity of ROAMS is the slip
estimate while driving on slopes. A scatter plot of the measured slip versus ROAMS slip (in
percent) based on the commanded final position for each drive run is shown in Figure 12.

Figure 12: Plot of measured slip versus ROAMS simulation slip for all MER tilt table angles
(0, 5, 10, and 20 degrees). Note the wider variance in the slip for the 20 degree slope.
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The variance in slip estimates grows with MER tilt table angle, especially in the lower
slip range for the 20-degree setting, where ROAMS consistently underestimates the slip.
Examples of ROAMS output plots for one of the some typical runs is shown in Figures 13
and 14.

Figure 13: Typical ROAMS and experimental results for FIDO tests on a level surface. Blue
represents ROAMS results, experimental results are shown in red, and the ideal final results
are shown in purple. The figure on the left is for driving an arc cross-slope and the figure
on the right shows a turn in place run. Most tests on level or 5-degree slopes show similar
excellent agreement.

The following table summarizes the percent slip (as compared to the commanded motion) for
all of the FIDO experiments compared to ROAMS. (A few outliers were omitted for FIDO
experimental runs outside nominal rover behavior.)

Slope
FIDO Experiment

% slip
FIDO ROAMS

% slip
Min Max Min Max

Level 2 5 2 4
5 deg 2 8 1 6
10 deg 2 20 2 10
20 deg 10 60 5 20

Table 1: Summary of slip differences between the FIDO Experimental data and ROAMS for
all runs

The summary graphs indicate that the average error in heading for the turn-in-place runs
were usually less than ten percent for slopes less than twenty degrees. In seven of the eighteen
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Figure 14: Typical ROAMS and experimental results for FIDO tests on a 20-degree slope.
Blue represents ROAMS results, experimental results are shown in red, and the ideal final
results are shown in purple. The figure on the left is for driving an arc cross-slope and the
figure on the right shows a turn in place run. The uphill direction is shown with the arrow
in the bottom right corner of the figure. There was extensive down-slope slip on 20 degree
runs.

Figure 15: Summary plot of heading errors for the drive runs on the MER tilt table set at
0, 5, 10, and 20 degrees. The heading error here is dened as absolute difference between the
ground truth and the ROAMS output. Standard deviation error bars are shown only on the
20 degree slope data values for clarity of presentation.

Tests run at a twenty degree slope setting, the average errors were greater than ten percent
and as high as thirty-four percent for one of the Tests. The summary graphs indicate that
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the average error in heading for the drive runs were usually less than six degrees for slopes
less than twenty degrees. In twelve of the twenty runs at a twenty degree slope setting, the
average errors were greater than six degrees and as high as twenty-one degrees for one of the
runs.

In terms of localization in the X and Y coordinate frame, the majority of the error was in the
X direction (aligned with the forward direction of the rover). The majority of the errors were
less than ten centimeters in the X and Y directions for slopes less than ten degrees, growing
to twenty centimeters in the X and Y directions for slopes of ten degrees, and increasing to
forty centimeters in the X and Y directions for slopes of twenty degrees. These errors are all
measured for two meter traverses.

5.1.2 Turn-in-place runs

There were a total of 18 types of runs for the turn-in-place tests with tilt table set at 0, 5, 10,
and 20 degrees. Each one of the tests was run five times for the level table and three times for
the tilted table settings (5, 10, and 20 degrees). The turn-in-place runs were done with right
and left turns of 45, 90, and 360 degrees in upslope, down-slope, and cross-slope directions
and the rover traveling forward and backward. The average heading error (in percent) defined
as the difference between the ground truth commanded angle and the ROAMS outputs for
each tilt table setting (0, 5, 10, and 20 degrees) for all of the turn-in-place runs is shown in
Figure 16. Of particular note is the increase in the average heading errors when the MER
tilt table was set to 20 degrees and the rover was facing downhill (Tests 7 and 8) where the
standard deviation is larger due to the rover having to fight the gravity vector combined
with snagging on the underlying paving stones..

Figure 16: Summary plot for heading error for the turn-in-place runs on the MER tilt
table set at 0, 5, 10, and 20 degrees. The heading error here is dened as the percentage
difference between the ground truth commanded angle to turn and the ROAMS output.
Standard deviation error bars are shown only on the 20 degree slope data values for clarity
of presentation.
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6 Summary and future directions

The overall results indicate that in terms of prediction error, ROAMS generally simulated
the field collected experimental data well for MER tilt table for slopes up to and including
ten degrees. There is a large amount of variability in the FIDO experimental data for the
twenty degree slope setting on the MER tilt table. Generally, one out of three test runs would
be outside the nominal behavior of the rover. The factors that contribute to this behavior
are the excessive slip at this slope angle, interactions with the underlying paving stones, and
bogie interactions with the terrain. The large amount, and variability, in slippage (10% to
60%) observed at twenty degrees slope was sometimes underestimated by ROAMS .

In conclusion, excellent validation of ROAMS vehicle-terrain interaction has been demon-
strated for level to medium slopes (matching the measured slip to within 1 to 2 percent). For
steeper slopes, the ROAMS simulation did not match the experience of the test vehicles as
well (sometimes off by a factor of 2 in the percentage slip). But it is also clear that the motion
of the experimental vehicles is somewhat chaotic on steep slopes and therefore more diffi-
cult to match in simulations. While ROAMS captured the chaotic behavior on steep slopes,
the deviations between the slippage predictions and actual data were large. This work did
not focus on trying to match the motion distributions on large slopes. The majority of the
slopes experienced by the MER Spirit and Opportunity have been below 20 degrees, so the
expectation is that the bounds on the accuracy of the ROAMS characterization described in
this paper will cover the usual driving circumstances experienced on Mars. In the event that
steeper terrain is encountered, the hardware testbed sandbox such as that used for MER
would be employed. There is room for improvement in ROAMS vehicle-terrain modeling,
especially for steeper slopes, but ROAMS is already a useful tool for performing realistic
vehicle simulations of driving on Mars as was done in the SOOPS project (Haldeman et al.,
2007).

An obvious next step to improve slippage modeling for large slopes is to vary the wheel/soil
interaction model parameters across different slope regimes instead of limiting the model
to a single parameter set for all slopes. This would allow improved matching of motion
distributions on large slopes with the large distributions of the experimental vehicles. Future
improvements to the validation experiments include the measurement and use of variable
terramechanics properties instead of uniformly constant values. Extending the experiment
to different terrain types and a larger terrain set is also highly desirable. A probabilistic
component will be added to the ROAMS simulation model in order to handle the off-nominal
behavior of rovers on slopes steeper than ten degrees (the MER rover Spirit has driven on
slopes greater than twenty-five degrees and the Opportunity rover recently performed a
carefully planned drive on a twenty-eight degree slope below the lip of Victoria Crater).
Further research will investigate the use of more sophisticated soil contact models using
finite element algorithms that relax the current single point contact assumption.

The validation results described in this paper are specifically FIDO and MER rovers, repre-
senting a particular class and size of rovers. Another area for future development is to apply
similar validation approaches to larger vehicles. For instance, the rover planned for MSL ,
the next Mars mission, is the same general type of rover as FIDO or MER but it is several
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times larger and heavier. Further validation work is needed to determine how well current
models will scale up from FIDO to MSL . Validation work would also be beneficial to other
types of robotic vehicles, such as ATHLETE (a 6-legged vehicle with wheels at the end of
each leg proposed for use on the moon) and CHARIOT (a large flat-bed rover planned for
use by astronaut transportation on the moon).
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